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(proPO gene), -1,3-glucan binding protein (βGBP gene) and a 12.2 kDa antimicrobial peptide (amp gene) in post-larval stage VI (PLVI) juveniles
of the European lobster, Homarus gammarus. Gene expression was studied in both healthy PLVI and following single or repeat exposure to a range
of compounds claimed to induce immune reactivity. A single acute (3-h) exposure to any of the tested stimulants did not produce a significant
increase in expression of either the proPO or βGBP genes, measured 6 h after stimulation. However, there were a small sub-group of positive
responders, identified mainly from βGBP expression, within the experimental groups stimulated with either a -1,3-glucan or an alginate. There
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doi:10.1016/jsignificant increase in the expression of any of the three genes tested 24 h after repeated weekly (3-h) exposures to a either the -1,3-
e alginate over the longer (36-day) period. The results do show that amp is expressed at an extremely high level compared to proPO
healthy animals and a significant correlation was found between the expression of proPO and both βGBP and amp, irrespective of
ot the larvae were stimulated. None of the immune stimulated compounds improved survival of PLVI challenged with the opportunistic
stonella anguillarum, or the lobster pathogen, Aerococcus viridans var. homari. Thus, we found no evidence to support recent claims
ty and disease resistance can be primed or promoted within a given population of crustaceans or that these animals exhibit functional
mory to some soluble immune elicitors.
vier Ltd. All rights reserved.
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idely accepted that invertebrates cannot mount
type adaptive immune responses because they lack
proteins and cells that underpin high antigen spe-
ition and immune memory (Flajnik and Du Pasquier,
ever, a number of recent reports have claimed to
ome arthropods have ‘functional immune memory’
posure to pathogens or microbially derived carbohy-
LPS) render the host less likely to suffer later infec-
unexposed controls (Kurtz and Franz, 2003; Little
; Moret and Siva-Jothy, 2003; Kurtz, 2005). While
ding author at: School of Ocean and Earth Sciences, National
y Centre, Southampton, European Way, Southampton, Hants SO14
ingdom. Tel.: +44 2380 595784; fax: +44 2380 593059.
dress: ch10@noc.soton.ac.uk (C. Hauton).
these workers have yet to demonstrate a mechanism for their
observations, it is possible that this may be achieved through
increased secretion of immune related molecules. Indeed, some
workers have investigated the ability of LPS, glycans or other
compounds to stimulate the innate immune responses of deca-
pod crustaceans, mainly with a view to controlling disease in
aquaculture, and have made claims for their beneficial effect in
enhancing disease resistance (see review by Smith et al., 2003).
Some of these compounds do seem to lead to a transient increase
of certain individual functional immune parameters, including
haemocyte number, phenoloxidase activity or the production of
superoxide anions (Sung et al., 1996; Thanardkit et al., 2002;
Lee et al., 2003; Soto and Viana, 2003), but whether or not this
priming or stimulation translates into increased resistance to
infection is controversial. In fact some authors have argued that
such priming might actually be harmful to the host at inappro-
priate doses (Sung et al., 1994; Sakai, 1999; Chang et al., 2000;
– see front matter © 2006 Elsevier Ltd. All rights reserved.
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ing important immune proteins, namely prophenoloxidase
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Smith et al., 2003; Hauton and Smith, 2004). In particular, there
is a risk that repeated treatment with such stimulants might be
deleterious
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).
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mponents by up-regulation of gene expression has not
rly studied, especially with juveniles where energetic
eed to be directed primarily to growth and develop-
ially, too, the juvenile stage is the most important
r protective immune stimulation of cultured shell-
dingly, the present study was undertaken to study if
repeat exposure to substances, claimed to stimulate
activity in shellfish, changes immune gene transcript
in crustacean post-larvae. A molecular approach was
se post-larvae are too small to permit the functional
dividual immune proteins. Post-larvae of the lobster,
ammarus, were chosen as the experimental model
sters represent a high-value commercially important
larvae of H. gammarus are raised in hatcheries in
art of a fishery restocking initiative. The gene targets
ed to represent a range of immune-functions that are
different stages of the crustacean immune response
l., 2003; Cerenius and So¨derha¨ll, 2004). They were
xidase (proPO gene), -1,3-glucan binding protein
e) and a 12.2 kDa crustin-like antimicrobial peptide
.
oloxidase exists as a zymogen within the granules
granulocytes. Active phenoloxidase (Aspan and
1991) is responsible for the enzymatic conversion
ls to quinones as part of the crustacean immune
eviewed by So¨derha¨ll and Cerenius, 1998; Smith et
-1,3-Glucan binding proteins serve as pattern recog-
ins and are known to mediate the interaction between
ecules and granulocytes (Smith and So¨derha¨ll, 1983).
e cysteine-rich antimicrobial peptides containing at
hey acidic protein domain (Bartlett et al., 2002).
ins are constitutively expressed and act as an imme-
ce against invading pathogens. Thus, proPO, βGBP
crobial proteins all have key roles within the arthro-
e system and their molecular structure and biological
ave been well documented.
ls and methods
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re obtained from the Orkney Lobster Hatchery (Kirk-
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o prevent cannibalisation. PLVI were placed into a
h seawater aquaria for a minimum of 14 days to
o the experimental conditions (salinity 33.5 ± 0.3 ppt
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bsters in a long-term experiment (see Section 2.3).
ded three commercial stimulants: (1) 1 ppt MacroG-
ol (Biotec Pharmacon ASA, Norway); (2) 50 ppm
chering-Plough Aquaculture, UK); (3) 40 ppt pen-
brio vaccine (Schering-Plough Aquaculture, UK),
h are designed to be administered by immersion.
two candidate immunostimulants were used. These
× 105 CFU ml−1 heat-killed Listonella anguillarum
d (2) 2M of a synthetic unmethylated palindromic
otide, CpG 1668 (MWG Biotech, Ebersberg, Ger-
ese represent different types of compounds reputed
timulatory’ effect on the crustacean immune system
., 1994, 1996; Alabi et al., 1999; Vici et al., 2000;
et al., 2002; Lu et al., 2006). The concentration of
lant used was determined in light of data from earlier
otoxicity studies (Hauton and Smith, 2004).
climation 8 PLVI were immersed in one of each of
ulants for 3 h. A further 8 animals were immersed
water as a control group (48 animals in total). After
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term effects of immunostimulants on in vivo gene
y experiment was run to determine the effects on
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e every 7 days (i.e. treated on days 0, 7, 14, 21, 28
total of 240 PLVI were divided into three groups (80
r group). On the basis of the data from the short-term
(see Section 2.2 above) one group of PLVI were
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of the PLVI was immersed in a 50 ppm solution of
he dose of each stimulant was determined in consul-
the manufacturers. The final group (control animals)
rsed in seawater during each 3-h exposure. Through-
eriment all animals were maintained in flow-through
cept for the 3 h immersions in each stimulant that
cted in separate isolated 15 l aquaria. All PLVI were
esh seawater before being returned to the main flow-
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, 22, 29 and 36) 10 PLVI were removed from each
weighed and flash-frozen in liquid nitrogen. After
e PLVI were stored at −80 ◦C until analysis when
A was extracted using TRI reagentTM according to
cturer’s protocol. All individuals were fed ad libitum
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n experiments were carried out to correlate changes
ression (above) with any alteration in disease resis-
separate live bacterial challenges were made with
egative opportunist, L. anguillarum MT1637, and
ositive lobster pathogen, Aerococcus viridans var.
IMB 1120A. L. anguillarum is a ubiquitous species
marine environment (Anderson and Conroy, 1970)
rustaceans, has been isolated from moribund shrimp
nd has been implicated in occasional high mortali-
amongst commercially held blue crabs, Callinectes
hnson, 1983). A. viridans var homari is known to
l septicaemia in homarid lobsters and its pathogenic-
uted largely to the weak host response mounted
tewart et al., 1969; Stewart and Cornick, 1972). The
ity of the A. viridans var. homari was first confirmed
g one adult male lobster with a 0.5-ml inoculate of
U ml−1. This inoculation proved to be fatal for the
r a period of 10 days at 7 ◦C. Haemolymph from this
recovered and was found to have a diagnostic pink
and failed to clot on exposure to air (Sindermann
er, 1988). A. viridans var. homari were recovered
aemolymph being identified as characteristic Gram-
rad-forming coccal bacteria under light microscopy
ed observations).
I were first acclimated to a water temperature of
a period of 3 weeks to ensure that the temperature was
to impede the progress of infection (Sindermann and
988). During this experiment the PLVI were main-
olated aquaria to prevent the release of any infective
the main aquarium and the seawater in each tank
d thrice weekly. For this experiment, and in light of
thered from the in vivo gene expression experiment
ns 2.3 and 3.2), 120 PLVI lobsters were treated with
lant at regular intervals for 4 weeks (on days 0, 8, 14
ividuals were treated on each occasion for 3 h with
roGard Aquasol (40 animals, 6 ppm), Ergosan (40
ppm) or seawater (40 animals). On day 22 half of the
nimals from each treatment were infected by immer-
× 107 CFU ml−1 log-phase L. anguillarum and the
were infected with 5 × 106 CFU ml−1 log-phase A.
r. homari. Before immersion the ventral abdominal
f each PLVI was first punctured using the tip of a
auge hypodermic needle to ensure that the bacte-
nter the haemocoel. Preliminary experiments were
to assess different methods of wounding, viz. claw
aw tip removal or abdominal puncture, and demon-
cuticle puncture was the most effective method for
on-lethal wound in the PLVI. The post-larvae were
n either bacterial suspension for 90 min before rins-
sterile seawater and returning to the static aquarium
talities after infection were assessed every day for a
ay period and during this time the animals continued
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to receive treatment with the test stimulants weekly (days 28, 35,
42, 49; i.e. days 6, 13, 20 and 27 post-infection).
2.6. Statistical analysis of data
The mean coefficient of variation (% CV; Wong and Medrano,
2005) between triplicates of the same sample was found to
be 19.6% and consequently the mean value of each triplicate
was used for further statistical analysis. This ensured that the
variation between triplicates arising from pipetting errors did
not contribute to the larger biological variation being tested
between replicate individual PLVI. All gene expression data
were expressed as ’gene copies/g total RNA’ for each indi-
vidual lobs
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(ca. 6-fold for proPO, ca. 10-fold for βGBP) in gene expres-
sion at 6 h post-immersion. This increased the variability in the
gene expression levels after stimulant exposure (evidenced by
the increased variance, Table 1) although there was no signifi-
cant difference between control and stimulated lobsters overall.
The ability of MacroGard and Ergosan to stimulate even this
small subset of animals was taken as encouragement to use
these two compounds for the long-term, multiple treatment
study.
3.2. Long-term effects of immunostimulants on in vivo gene
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even after log10 transformation, failed to meet the
normality and homoscedasticity of variance to per-
tric tests. These data were therefore compared using
Wallis ANOVA on ranks using SigmaStat (Systat®,
K).
long-term gene expression study the data were first
formed in order to homogenise the variances. Differ-
e number of copies of each gene in each treatment
acroGard or Ergosan) were assessed using nested
variance (ANOVA) (Underwood, 1997). The first
pound (Co), had three levels representing the three
munostimulants (control, MacroGard Aquasol and
he second factor, time (Ti), was nested within Co and
evels to represent the separate sampling dates (days
5, 22 and 29. Note the data from day 36 were omit-
is analysis due to the limited number of individuals
ime.). All nested ANOVAs were conducted using the
ckage GMAV5 (Underwood, 1997).
ies after infection were translated into survival curves
nalysed using Kaplan–Meier survivorship analysis
). This analysis was performed using MedCalcTM
acute in vivo exposure to potential stimulants
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pression of prophenoloxidase (proPO) and -1,3-glucan binding protein (βGB
case; S.D. = standard deviation)
Control MacroGard Ergosan
proPO βGBP proPO βGBP proPO βGBP
opies/g 3.26 0.84 3.84 1.91 6.50 1.08
4.19 0.77 5.81 3.99 9.47 1.78
06) 17.6 0.59 33.7 15.9 89.6 3.19there were approximately 5000 copies of proPO
00 copies of βGBP mRNA and 5.8 × 105 copies
NA per g total RNA extracted from each lobster
here was no significant difference in the number of
ny of the three genes in response to either of the
mulants tested (Fig. 1, P > 0.10). However, for all
s there was significant variance at the level of the
(Ti) nested within the main factor compound (Co).
ted that within a specific treatment (i.e. within the
MacroGard or Ergosan treated animals) there were
differences in gene copy number from one sampling
her (SNK post hoc tests, P < 0.05). In general these
te that there were significant decreases in gene copy
ring the course of the experiment, in general the gene
ers during the first week (days 1–3) tended to be
on days 22 and 29.
as a very highly significant positive correlation
e expression of the proPO gene and the βGBP
and amp genes (r = 0.454) in the PLVI (Fig. 2) irre-
whether or not the PLVIs were immersed in one of
timulants. Lobsters that expressed a high number of
roPO also tended to express high numbers of copies
BP and amp.
ion experiment
2 days post-infection there was no significant differ-
percent survival between the control and treated PLVI
ted with L. anguillarum, irrespective of the stimu-
aplan–Meier analysis: χ2 = 4.32, P > 0.10, Fig. 3a).
r hours after infection with L. anguillarum, only 60%
trol immersion, 35% of the MacroGard immersion
f the Ergosan immersion PLVI remained alive. By
after a 3-hour immersion in each of the five screened stimulants
5 Listonella antigen CpG 1668
PO βGBP proPO βGBP proPO βGBP
7 0.23 0.92 0.23 0.93 0.35
5 0.30 1.46 0.29 1.08 0.32
6 0.09 2.13 0.08 1.16 0.11
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